Breeding performance of arctic-breeding birds is closely related to the timing of snowmelt. We studied the herbivorous barnacle goose during the nest phase in Spitsbergen to examine the hypothesis that this relationship is due to variation in food availability. We described for various landscape units the release from snow-cover, and within each of these the growth of the main food plants since snowmelt. In general terms, the diet of the geese followed the availability of food, although there were large differences between the sexes; early in the season females took mainly herbs, and males mainly mosses. Graminoids were among the latest plants to appear in spring, but once they started to grow, they became an important part of the diet of the geese. The increase in food availability through spring resulted in an increase in the net food intake rate. In early snowmelt years, the number of recesses increased through the incubation period. The same trend was true in late snowmelt years, but females spent much more time off the nest due to the larger number of recesses per day and due to longer recess lengths. The time spent feeding per day by males was much less affected by the earliness of the snowmelt. Surprisingly, the timing of snowmelt hardly affected the proportion of pairs initiating a nest. Instead, the breeding output from the colony was to a large extent determined by nest success and by the brood size at hatching. Comparing within a season, the nest success increased with date of settling in early years, but showed a decreasing trend in late years. The survival rate of goslings from hatch through autumn migration to the wintering grounds was negatively related to date of settling in all years. This resulted in largest numbers of goslings for pairs that initiated breeding early. We conclude that the timing of incubation was ultimately controlled by the availability of food throughout summer, being an evolutionary trade-off between a late start (favourable foraging conditions during the egg stage, which enhanced the probability of successfully hatching the eggs), and an early start (resulting in a high survival rate of the off-spring).
Introduction
In Arctic-breeding geese, the problem of poor feeding conditions in the breeding range selects for body stores being deposited while the geese are in more southerly staging areas (MacInnes et al. 1974 , Newton 1977 . Such stores are used as a source of energy and nutrients as long as food intake during breeding is insufficient to meet the requirements for reproduction (Ankney and MacInnes 1978, Ankney 1984) . Snow-cover is the prime factor hampering feeding by geese, as it is in other herbivores in Arctic environments (Chernov 1985) . As a consequence, the later the spring thaw, the more geese have to rely on their body stores for maintenance, and the lower their reproductive success (Barry 1962 , MacInnes et al. 1974 , Newton 1977 , Owen and Norderhaug 1977 , De Boer and Drent 1989 . The correlation between snow-cover and breeding success is even used for management purposes in the wintering grounds by predicting the productivity of Arctic goose populations from information on snow-cover on the breeding grounds in spring (Kerbes and Moore 1975, Reeves et al. 1976) . However, there is little known about the precise mechanism of this relationship, although several hypotheses have been suggested to explain the phenomenon. The low production in some years could result (1) from a high proportion of birds deciding not to breed at all (Barry 1962), (2) from a delay of breeding which pushes the birds into an unfavourable time schedule (Perrins 1970 , Green et al. 1977 , or (3) by enhanced predation rates (Meltofte 1985) .
In order to understand why the reproductive success of Arctic-breeding geese is closely related to spring phenology, three points are important: (1) the shifts in plant availability when snow recedes from the breeding range in spring, and the actual use of the food resources by geese; (2) the factors that determine the timing of egg-laying; and (3) the stages of the breeding cycle during which delayed spring thaw has its effect. We studied these issues in the Barnacle Goose Branta leucopsis breeding in Spitsbergen.
The goose population and study area About 20% of the Spitsbergen Barnacle Goose population (around 8000 individuals in the years of study, 1978 -1981 Owen 1984) occurred in the study area, the coastal plain of Nordenskiöldkysten, . The main breeding colony studied (Fig. 1) , about 150 pairs, was one of the larger colonies of Spitsbergen (Prestrud et al. 1989) . The colony was located on an island (Diabasøya, c. 2 ha), about 100 m offshore. Less than half of the island was covered with a sparse vegetation of mosses, locally interspersed with graminoids and herbs; the remaining parts were barren. In 1989 additional observations on nest success were obtained at a nearby island-group, StHans Holmane, with a goose colony of about 50 pairs.
On the mainland (which we call tundra) the following habitats were distinguished (see also Fig. 1 ): (1) the Polar semi-desert (Bliss 1981) , hereafter referred to as fjellmark (see Elvebakk 1985) , (2) wet moss-meadows, (3) mudflats, and (4) the beach wall. On the basis of physiognomic characteristics, habitats were subdivided into landscape units, for example the fjellmark into peaks, slopes and depressions of rocky outcrops, ridges and slopes of raised beach ridges, and gravel plains.
Fjellmark was most common (>70% of surface area), and was sparsely covered with cushion dicotyledons, low deciduous shrubs, lichens, and mosses. Moss-meadows (8% of the area) occurred in depressions, where drainage was impeded. The vegetation of these meadows consisted of a closed moss carpet (mainly Calliergon spp.), with grasses (Dupontia fisheri) or sedges (Carex subspathacea) occurring locally. Mudflats (less than 1% of the area) were located around shallow lagoons, sparsely covered by Puccinellia phryganodes. The beach wall consisted of deposits of sand and pebbles, with scattered dicotyledons, mainly Saxifraga caespitosa.
Vertical relief resulted from the following landscape features: (1) the sandy beach wall, (2) the raised former beach ridges and hills further inland, and (3) irregularly distributed rocky outcrops.
Methods

Snow-cover
Throughout spring, snow-cover on the tundra was visually estimated. In addition, snowcover was recorded on transects located in each habitat. Each transect was 10 × 200 m, divided into squares of 10 × 10 m which were marked by cairns or stakes. Care was taken to cover all landscape units. Every other day snow contour-lines were drawn on field sheets. After disappearance of the snow the landscape units were mapped, which allowed us to calculate snow cover for each of the landscape units separately.
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193 Fig. 1 . Map of the study area on the west coast of Spitsbergen with the colony island and neighbouring mainland tundra. The main feeding sites for Barnacle Geese were at a distance of 0.5 -2 km from the colony. The range of feeding flights rarely exceeded 2.5 km (indicated by circle segment). Observation huts allowed a view over the colony (A), moss-meadows (B) and the fjellmark (C and D).
Food availability
The availability of food plants was non-destructively measured in plots (20 × 20 cm) which were inconspicuously marked with small pegs. Plots were established close to the snow-line. Food availability in each plot could thus be related to the number of days that had elapsed since the site had emerged from snow-cover. Every other plot was protected from grazing by geese with coarse mesh wire. The plots were sampled at intervals of 1 to 4 days, depending on the frequency that geese visited the sampling sites. In all plots the number of each of the following food items was recorded: the branches of Equisetum variegatum, the buds of Salix polaris, the seed heads of the previous year and the fresh flowers of Cerastium arcticum, Saxifraga oppositifolia and S. caespitosa, the plants of Cochlearia officinalis and Polygonum viviparum, and the green shoots of Dupontia fisheri and Carex subspathacea. In addition, the lengths of the branches of Equisetum and the blades of the graminoids were measured. Because graminoids occurred in high densities, they were measured in 4 sub-samples of 25 cm 2 within each plot. The measurements were made in the field, or stereo-photographs of the plots were taken for later processing.
Observations of geese
The geese in the colony were observed from an observation tower on the beach wall. Hides were erected on the tundra to observe birds during their feeding trips. Approximately 60% of the individuals in the study colony had large leg rings (details of the ringing scheme in Ogilvie and Owen 1984). Using an astronomical telescope, the engraved code on the rings was readable at a distance of up to 400 m.
Arrival and settling
In early spring, the phenology of goose arrivals in the breeding colony was registered by scanning the island for marked geese. The identification of the newly arrived pairs was facilitated by their restlessness while prospecting for a nest site. We classified a pair as settled when the geese occupied one particular nest site for at least one day. During the day of settling, the female completed a nest bowl, which corresponded to the laying of the first egg (based on observations in 1989 from a hide at the edge of a breeding colony). Where appropriate, settling dates were expressed as the number of days before or after the annual mean settling date.
Reproductive performance
The location of pairs visible from the observation tower was mapped on profile photographs of the breeding island. We followed the reproductive performance of all pairs by daily scanning their status. The date of nest desertion, or the date of hatching and the number of eggs hatched was noted. Successful nests were defined as those hatching at least one egg. Brood size of the marked pairs was recorded whenever they were resighted in the study area in Spitsbergen, or, later in time, in the wintering area in Scotland. Observations of pairs that were observed both in the breeding colony and in Scotland were used to calculate the survival rate of the goslings from hatching through autumn migration.
Marked pairs were classified as members of the breeding population of the study colony if they had bred in the colony in at least one year, and were known to be alive (based on observations in Spitsbergen, supplemented with sightings on the wintering grounds, M. Owen unpublished). Pairs in the local population that did not attempt to breed in the colony in a particular year were assumed to be non-breeders. The probability that they were breeding in another colony was negligible (J.P., unpublished). In order to minimize the effect of a different age structure in comparisons among years, annual values for the proportion of pairs breeding, nest success and brood size were based only on pairs of which one or both partners were at least 3 years old. This neglects that full reproductive maturity in geese is achieved at an age of about 5 years (Rockwell et al. 1983 , Owen 1984 . But the reduction in fecundity of 3-and 4-year-olds is relatively small (e.g. in Snow Geese Anser caerulescens the clutch size of 2-year-olds is 25% smaller than that of geese 5 years old or older, whereas for 3-and 4-year-olds the difference is less then 10%, Rockwell et al. 1983) . The inclusion of 3-4 year-olds in our analysis is therefore assumed to have a minor effect on the trends reported. To obtain sufficient sample sizes, seasonal trends in nest success and brood size at hatching were calculated including younger pairs and pairs of unknown age (both partners unringed). A potential confounding effect of age and timing of nest initiation will be dealt with separately (see discussion).
Activities and tundra visits
Each year the activities of 40 pairs were scanned throughout the incubation period. The location of the geese (nest site or mainland tundra), and their activities (feeding or not) were recorded every 15 min on observation days. The daily number of visits to the tundra, the total recess time, and the time spent feeding close to the nest were estimated from these observations. Data refer to the 'day-light'-period only (between 7 a.m. and 8 p.m.). In the four study years, this period was covered on 13, 24, 26 and 22 days, respectively. According to observations throughout the 24 h cycle (on 5, 6, 9 and 7 days, respectively), females had most of their tundra visits within the day-period (89.5%, averaged for 90 individuals), and so the presented figures on activities approximate the values for the total day. Males were active to a large extent during the 'night'-hours, and the presented figures represent 50.9% (average for 88 individuals) of the daily number of visits to the tundra.
There were hardly any tundra flights during forceful winds (J.P., unpublished). The few observation days on which the average wind force exceeded 5 Beaufort were therefore excluded from analysis of seasonal trends in activity.
The presence of marked birds on the mainland tundra was monitored by recording the arrival and departure times of geese landing in the vicinity of the hides. We noted where the geese came from and where they departed to after the visit. The average duration of goose visits to each habitat was calculated from mainland trips that were completely observed.
Diet
Diet composition was assessed by microscopical analysis of droppings. To obtain droppings of breeders only, and for each sex separately, marked individuals were followed with a telescope, and the location of droppings produced were plotted on field sketches (using marker stakes or stones as reference) for subsequent recovery. Droppings were dried at 50ºC, and stored for later examination. In the laboratory droppings were ground and homogenized in a blender. Microscopical preparations of each dropping were made to identify plant fragments by epidermal structure. The procedure used to estimate the proportional weight of different food plants in the droppings, and hence in the diet, followed Owen (1975) and Prop and Deerenberg (1991) .
Intake rate
The (gross) intake rate of food was estimated by multiplying the pecking rate by the bite size. The bite size of flowers, buds, rosettes and rhizomes was derived from the average weight of each plant part (weighing 25 items per sample). The bite size of Equisetum and graminoids was assessed by dividing the total length of blades removed by geese from a plot by the cumulative number of pecks directed towards it (see Prop and Deerenberg 1991) . The lengths were derived from stereo-photographs that were taken before and after grazing. Lengths were converted into weights by means of lengthweight ratios of the food species. Different techniques had to be used to estimate the bite size of mosses, depending on the structure of the moss carpet. (1) When the basal parts of dense moss carpets were still frozen, the geese grazed the top layer of the mosses. Marked plots (20 × 20 cm) in these carpets were observed to determine the cumulative number of pecks directed at the plots. The amount of moss removed was estimated by assessing (a) the number of grazed shoots in the plot; (b) the length removed per shoot by comparing the length of the green part of grazed and ungrazed shoots; (c) the length-weight ratio of the mosses. (2) In less dense moss carpets, geese extracted tufts of moss shoots. Tufts rejected were collected and weighed (25 tufts per sample). We assume that the rejected tufts were similar in weight to the swallowed ones. (3) Along the water edge, geese dug for large lumps of mosses. The length of these lumps was estimated using the bill as a reference. A relationship between the length of a piece of moss and its weight was established. Pecking rates for each food type were assessed by measuring the feeding time required for 50 pecks.
For food type i the net energy intake rate NEIR i (or metabolizable energy intake rate) was obtained by multiplying the gross intake rate by the (apparent) metabolizable energy content (ME, kJ g -1 dry matter; Karasov 1990). The measurements of the ME of the various food species are described in Prop and Vulink (1992) . The overall net energy intake rate NEIR was calculated as where the diet is composed of j food types and D i = the proportion of food type i in the diet.
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Statistical analysis
Statistical techniques were taken from De Jonge (1963) and Snedecor and Cochran (1967) . Analyses were performed using a standard statistical package (Norusis 1986). Multiple observations on individuals were averaged per grouping variable in statistical tests to preserve the independence of observations.
Results
Snowmelt patterns and settling by barnacle geese Snowmelt was sudden; during a 1 or 2 week period a large proportion of the area reappeared. The timing of the melt period varied among years, from mid-June in early years to July in late seasons (Fig. 2) . in Spitsbergen by local people. Thus, spring thaw followed the arrival of the geese by 4 to 6 weeks. Before geese moved to the breeding colony, they were found on a few sites where snowmelt was more advanced than in the coastal breeding habitat, i.e. on south facing mountain slopes (5-22 km from the colony). The timing of arrival in the breeding colony was associated with the spring thaw. Most of the pairs (77%) settled on their territories within 3 d after arrival (average ± S.D. was 2.4 d ± 2.7, n=150). In 3 out of 4 years, geese settled on average 12 d before 50% of the tundra was released from snowcover. One of the study years (1981) was an exception; the birds settled 22 d before the tundra was 50% snow free. In that year an unusual amount of fresh snow was falling after the geese had settled, and this obviously retarded the recession of snow from the tundra.
Snowmelt in relation to topographical relief
The different habitats and landscape units on the tundra were released from snow-cover in a fixed sequence (Fig. 3) , depending on the thickness of the snow-layer. The first parts of the tundra that became snow-free were the crests of the beach ridges, and the peaks of outcrops. Thereafter, the slopes of ridges and outcrops were released from snow-cover, followed by the flat behind the beach wall. Subsequently, the gravel deserts and mudflats appeared, and finally the moss-meadows. The main food species for the geese in each landscape unit are indicated in Fig. 3 .
Availability of food plants after emergence from snow-cover
When the snow receded, several food plants appeared immediately. The seed heads of Cerastium arcticum, Saxifraga oppositifolia and S. caespitosa from the previous year were available only temporarily (Fig. 4) , because they degraded soon after emergence, the seeds falling onto the ground. Equisetum was available as soon as the snow retreated, but intensive grazing by geese caused a rapid decline in availability. Moreover, once the snow-line had retreated, the branches of Equisetum dried, and were taken by geese only during spells of precipitation. The same pattern in availability applied to the rosettes of Cochlearia officinalis, and the rhizomes of Polygonum viviparum. Mosses were exploited as soon as they appeared. Mosses formed a virtually inexhaustible food supply, although the geese seemed to prefer mosses when the plants were anchored in the ice: they could then scrape the upper, most nutritious parts with the bill, without pulling Plant phenology and timing of breeding 199 Fig. 4 . Patterns of food availability in relation to the emergence from snow-cover (=day 0): on grazed tundra (dashed), and in exclosures (solid lines). Availability of each species expressed as a percentage of the observed seasonal peak values. The data refer to (A) seed heads of Cerastium (n=3), (B) buds of Salix (n=10), (C) Equisetum (n=9), (D) Dupontia (n=12). Important food plants with similar patterns of availability are given at the top of each frame. All changes between subsequent measurements were significant (paired-samples t-test, 1-tailed, p<0.05), except were indicated (ns). out the dead lower parts.
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200 Table 1 . Daily frequency and duration of visits to the tundra, and time spent feeding around the nest during the incubation period, for early and late years separately. Data refer to the mid-day period only (7 a.m. -8 p.m. Other plant species started development after emergence from snow-cover. The buds of Salix polaris attained largest size 5-10 d after emergence. Geese grazed individual plants during these few days, ignoring them as soon as the buds had developed into leaves. Saxifraga oppositifolia was the first plant species that flowered in spring. The availability of the flowers was similar to that of Salix buds, although it took somewhat longer for them to develop after emergence from snow-cover. Geese grazed flowers on clear days only, when the sun induced the flowers to produce nectar (see also Hocking 1968).
The growth of graminoids in the moss-meadows, Dupontia fisheri and Carex subspathacea, began when the moss substratum started to thaw (Fig. 4) . Seven days after emergence from snow-cover the first leaves appeared, and these were immediately grazed by geese. Once active, the graminoids continued to produce new leaves, and were thus a continually renewing food resource.
Frequency of tundra visits
In males, the daily number of visits to the mainland was positively related to spring phenology, irrespective of the earliness of the season (Fig. 5) . Apparently, they synchronized the tundra visits with the stage of the spring thaw. As a consequence of this pattern, the average visit frequency was higher in early than in late years (Table 1) . Instead, in late years males spent more time feeding close to the nest. In females, frequency of visits to the mainland tundra was related to the snowmelt as well, but with an additional effect of the earliness of the season (Fig. 5) . Consequently, females visited the tundra more frequently in late than in early years (Table 1) around the nest was low in both early and late snowmelt years.
Diet composition
The diet composition changed as the season progressed (MANOVA: in females F 24,345 =3.01, p<0.001; in males F21,258=4.36, p<0.001) . At the earliest stage of the season females fed on forbs and xerophylous mosses on the few snow-free patches close to the colony (Fig. 6) . Thereafter, forbs (especially seed heads of different plant species) predominated in the diet for about ten days. After the forbs-period the moss-meadows became available, and females started to feed on mosses. The proportion of forbs in the diet of females decreased to a level of 50%, remaining constant for the rest of the incubation period. As graminoids became available, they gradually replaced the mosses in the diet. The diet composition of males differed from that of females (MANOVA F 3, 198 =3.75, p<0.05 ; classifying the diets for each sex in 5-d periods). In males, the proportion of forbs in the diet was lower than in females, whereas that of mosses was higher; the proportion of graminoids in the diet did not differ between the sexes (F 1,200 =9.56, p=0.002; F 1,200 =8.15, p=0.005; F 1,200 =0.20, p>0.05) . As soon as the moss-meadows became available, males utilized them heavily. Mosses predominated in the diet for several weeks (on average c. 70%). Thereafter, the importance of graminoids in the diet increased, as it did in females. Fig. 7 . Seasonal trends in the duration of visits to different habitats (means ± 1 SE). The time scale is the number of days before or after 50% of the tundra became snow-free. Visits by males to the tundra were almost restricted to moss-meadows. Females: fjellmark y=91. 95-0.54x-0 
Profitability of food species
Bite size was largest for the plants of the fjellmark (Table 2 ). In particular, rosettes of Cochlearia, the old seed heads of Saxifraga oppositifolia and Cerastium arcticum, and the flowers of S. oppositifolia provided large bites. The branches of Equisetum variegatum, the buds of Salix polaris and graminoids allowed smaller bite sizes. Geese feeding on mosses (Calliergon spp.) had variable bite sizes, being intermediate when they cut the top layer or took tufts, and large when lumps from submersed moss carpets were taken. The latter feeding tactic was only observed late in the spring when all snow and ice had disappeared. Geese feeding on graminoids had the highest pecking rates. Moreover, the metabolizable energy content of graminoids was high, and consequently, geese attained highest net energy intake rates when feeding on graminoids. The shift in diet towards more profitable foods caused an increase in the average net energy intake rate ). Numbers at the data points are sample sizes.
in both sexes (Fig. 6) .
Duration of tundra visits in relation to the food type
During their tundra visits, geese developed a clearly visible distension of the lower throat, and we suppose therefore that geese were foraging until they had filled the oesophagus. This implies that the duration of a visit reflected the foraging conditions. The duration of visits by females to the fjellmark was 90 min until the tundra was 50% snow-free, when it declined to 60 min (Fig. 7) . The decline coincided with the recession of snow from large parts of suitable feeding sites on the fjellmark (compare the pattern of snow clearance from the fjellmark in Fig. 3 ), which probably lessened the time required to search for a feeding site. Females visited the moss-meadows for a shorter period than the fjellmark (average durations per individual 36.2 and 86.8 min; Mann-Whitney Z=2.24, n 1 =111 and n 2 =20, p<0.05), which agrees with the different gross intake rates in the two habitats (see Table 2 ). As graminoids became more important as a food source, the duration of visits to the moss-meadows tended to increase slightly (r=0.08, n=410 visits). During the first days of the incubation period, females regularly visited the beach wall. These visits were short (on average 24.2 min), and mostly the birds came to drink in melt-water pools only. Males fed predominantly in moss-meadows. Their visits were shorter than those of females to the same habitat (29.5 and 36.2 min, Mann-Whitney Z=4.18, n 1 =117 and n 2 =111, p<0.001). This disparity is probably related to a higher (gross) intake rate of the males, which was due to the inclusion of a larger proportion of mosses in the diet (Fig.  6 ). The duration of the visits to the moss-meadows tended to increase in the course of spring (r=0.14, n=656), coinciding with a gradual shift in the diet composition from Fig. 9 . Comparison between the energy stores at the start of incubation and the energy needs for the entire incubation period for geese of different body mass (females only). In particular, the smaller species have a large energy deficit which has to be covered by ingesting food. Data from Ankney (1984) , referring to early breeding seasons only; the (winter) body mass from Owen (1980). 207 mosses to graminoids.
Recess time per day
The amount of time that females were absent from the nest each day was greater in late than in early years (Table 1 ). This was caused by a combination of two factors: (1) in late years females visited the tundra more frequently (Table 1) , and (2) it took longer before moss-meadows became available in late years, and females spent therefore a larger proportion of their tundra visits on the fjellmark, resulting in longer tundra visits (Table 1) . The time spent feeding in the vicinity of the nest did not differ between early and late years.
Males spent, on average, slightly less time on the tundra in late than in early years (Table 1 ). This was caused by the lower frequency of tundra visits. In late years, more time was spent feeding close to the nest.
During the early breeding season, snow cover rules where geese feed and what they take.
Breeding performance in relation to the timing of settling
In early years, the probability of hatching eggs increased progressively for individuals that settled later in spring ( Fig. 8A ; test for trend with standard normal statistic T: T=+3.08, p<0.002) . In years of late snowmelt, nest success was highest for the pairs settling at intermediate dates (test for trend in relation to the absolute value of the deviation from the average settling date: T=-2.81, p<0.005) .
Brood size at hatching was independent of the date of settling ( Fig. 8B ; in early years: r=0. 004, n=179, p>0.05; in late years: r=0.02, n=60, p>0.05) . But in the wintering area (in October), an inverse relationship appeared between the brood size (including pairs that had lost all their young) and the date of settling ( Fig. 8C ; in early years: r=-0. 40, n=75, p<0.001; in late years: r=-0.11, n=21, p>0.05) . This was caused by a decreased survival rate of goslings that hatched later ( Fig. 8C ; test for trend, in early years: T=-3.76, p<0.001; in late years T=-0.38, p>0.05) . Fig. 8D combines the data on nest success (Fig. 8A ) and brood size of the successful pairs (Fig. 8C) , and provides information on the average number of goslings that survived the autumn migration for each breeding attempt. It appears that in early years the opposing trends of nest success and gosling mortality in relation to the date of settling resulted in a net advantage for the first settlers. Pairs that settled on the days close to the average date, or even preceding it, were equally successful in raising young, in distinction to the markedly reduced success of pairs starting beyond the average date. In late years, the breeding success in relation to the settling date seemed to show a similar dichotomy, but the small sample size precludes a decisive conclusion.
Annual variation in breeding performance
The proportion of the local population that initiated a nest was inversely related to the average date of settling (r=-0.90, 1-tailed p=0.05, n=4; Fig. 2) , while nest success and the average brood size at hatching were both negatively related to the timing of the spring thaw (=date at which 50% of the tundra was snow-free) (r=-0.95, r=-0.89, p<0.05, n=5, Fig. 2 ). The survival rates of goslings in the colony (in the order of the years in Fig. 2 : 91.6, 93.5, 97.5, 63.6 and 71.9%) were negatively related to the spring thaw as well (r=-0.87, p=0.05, n=5) . The annual reproductive output of the colony (=proportion of the local population breeding × proportion of nests successful × brood size at departure from the colony) was thus strongly affected by the earliness of the snowmelt (r=-0.98, n=4, p<0.02) . Nest success varied most among years, followed by brood size at departure, and proportion of pairs that initiated a nest (the coefficients of variation were 56.7, 27.6 and 12.7%, respectively). Hence, nest success had the strongest effect on the annual variation in reproductive output.
Discussion
Barnacle Geese arrive on breeding areas with inadequate nutrient stores to complete egg-laying and incubation, a problem they share with other Arctic-breeding goose spe-
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208 cies (Fig. 9) . Because geese synchronize incubation with snow melt (MacInnes et al. 1974 , Raveling 1978 , this study), even lower body stores are available for reproduction in late years (e.g. Barry 1962 , MacInnes et al. 1974 . In order to retain stores for body maintenance through the nesting period less should be invested in the production of eggs, which can explain the almost universal trend in geese of smaller clutches in late seasons (e.g. Newton 1977 , Davies and Cooke 1983 , Hamann et al. 1986 , and this study, Fig. 2 ). However, we infer from our observations that a reduction of clutch size in late years did not completely compensate for lower body stores and adverse foraging conditions, because, in spite of smaller clutches, more time was invested in feeding ( Fig. 5 and Table 1 ). More time off the nest increased the risk of egg predation by Glaucous Gulls Larus hyperboreus (J. Prop and M. van Eerden, unpublished) ; the lower nest success in late years was the most important source of variation in reproductive success among years (Fig. 2) .
Only females showed large variation in feeding activity on the tundra among years. There are two reasons for the different feeding patterns of the sexes. First, males are less severely stressed, in energetic terms, than females since their body stores are more voluminous during the incubation period (Barry 1962 , Ankney 1977 a and b, Raveling 1979 , Ankney 1984 , which makes them less susceptible to adverse conditions in late years. Secondly, in late years males spent more time feeding in the breeding colony, close to the nest (Table 1) , which probably served as an alternative way to find food as long as foraging conditions on the tundra were poor. We support the suggestion that depletion of body stores due to a delay of egg-laying is the underlying cause of reproductive failure in geese (e.g. Barry 1962), but why then do geese postpone breeding in late years? In Barnacle Geese, the timing of egg-laying is not dependent on the availability of nest sites, because breeding colonies are located on maritime islands with little snow-cover in spring (Owen and Norderhaug 1977) . Theof lower quality, on average, than the early hatched goslings, as Sedinger and Raveling (1986) pointed out. The lower quality of the food for these goslings probably affects the ultimate physical condition at departure from Spitsbergen in the autumn, and therefore the probability of survival (see also Owen and Black 1989) .
(2) Predation pressure. There is no reason to suspect that early settling geese were subjected to a higher predation pressure than those settling later. Nor is it likely that the observed trend in nest success was caused by an enhanced risk of predation of eggs during the period that only few pairs had settled (as Findlay and Cooke (1982b) explain a similar pattern in Lesser Snow Geese), since most nest desertions by early settlers took place later when all pairs had initiated breeding (the average interval ± S.D. between settling and nest desertion was 19.4 d ± 9.0, n=207). In contrast, predation pressure during the fledging period might be a selective force favouring early settling, because, once the families had aggregated into flocks, Arctic foxes Alopex lagopus appeared to select the youngest goslings by taking the slowest individuals (J.P., unpublished).
(3) The time available for pre-migratory fattening. After completing the wing moult
